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Abstract

Fine-grained, high-density (97%+ of theoretical density [TD]), 80 tungsten-20
copper weight-percent (80W-20Cu [58W-42Cu atomic-percent]) composites have been
prepared using nonconventional alloying techniques. The W and Cu precursor
powders were combined by high-energy ball milling in air. A second set of W+Cu
mixtures was prepared in hexane to reduce contamination of the powders. The
mechanically alloyed W+Cu powder mixtures were then coldpressed into green
compacts and sintered at 1,250 °C. The effects of varying the milling medium and
milling time were examined with density measurements. Longer milling increased
product densities with a concomitant order-of-magnitude decrease in grain size; air was
found to be a more effective medium than hexane. Residual impurities were identified
with energy-dispersive x-ray spectroscopy (EDS), and their effects on sample properties
were evaluated with microhardness measurements. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) analyses demonstrated that the as-milled W-Cu
alloy structures were metastable, decomposing into the starting W and Cu components
upon heating at or above 450 °C.
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1. Introduction

Tungsten-heavy alloys (WHAs) are continually being investigated for both
commercial and military applications. Most WHAs consist of W particles
embedded in a matrix of other metals such as iron (Fe), nickel (Ni), or copper
(Cu) [1]. W-Cu composites may have potential uses as heat dissipation materials
in the microelectronics field [2], divertor plates in fusion reactors [3], or as
warhead materials for military ordnance applications. It has been postulated
that if high-density W could be combined with ductile Cu, the resultant W-Cu
composite may be a more suitable material for shaped charge liners.

The alloying of W and Cu proves to be difficult due to the mutual insolubility of
W and Cu. The assessed equilibrium phase diagram [4] in Figure 1 reveals that
the two metals are completely immiscible in both solid and liquid phases. This
limitation excludes the use of conventional alloying techniques to develop full
density W-Cu alloys.

Several alternate processing techniques have been examined to develop W-Cu
composites [5]. Most commonly, W-Cu is alloyed through the sintering of finely
divided W-Cu powder mixtures. Both solid-state- and liquid-phase-sintering
(SSS and LPS) techniques can be used depending on the composite and its
desired characteristics. SSS of W-Cu may be performed at any temperature, but
LPS of W-Cu requires a sintering temperature that is at least higher than the
melting point of Cu (T = 1,085 °C). In some cases, when mechanical alloying is
used, LPS may occur at lower temperatures. Specifically, as the powder particle
size is reduced through welding and fracture during milling [6, 7], the powder
structure is often refined to nanoscale. As a result, diffusion paths are decreased,
which in turn, reduces the required temperature [8].

The objective of this effort was to intimately mix W and Cu precursors using
mechanical alloying and then sinter the resultant mixture into near-full-density,
disk-shaped W-Cu pellets. The effect of the milling time and the type of medium
used on the development of the composite microstructure was of primary
concern. Powder mixtures of 80W-20Cu weight-percent (58W-42Cu atomic-
percent) were ball milled in air or hexane for varying times ranging from 0 min
to 48 hr (2,880 min). The milled powder mixtures were then cold-pressed into
green compacts and sintered into dense pellets. The samples were examined
with x-ray diffraction analysis (XRD), scanning electron microscopy (SEM),
energy dispersive x-ray spectroscopy (EDS), and Vickers microhardness
measurements. Density measurements of the pellets were used to verify if
lengthening the milling time resulted in higher product densities. XRD was used
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Figure 1. Equilibrium phase diagram of the W-Cu system at 1 atm.

to discern the extent of mechanical alloying and to determine the lattice spacing
of the major phases. The precursor and product microstructures were examined
by SEM to verify the particle size reduction, redistribution, and intermixing of
the two initial phases. The presence and relative amounts of the elemental
constituents and alloyed phases were confirmed with EDS. Since, typically, ball
milling was expected to add impurities to the powders with increasing milling
time, EDS was also used to quantify the impurities that possibly contaminated
the powders during the milling process. Finally, Vickers microhardness
measurements were performed and correlated to the residual porosity, average
grain size, and excess impurity levels in the product structures.




2. Experimental Description

W (99.9%, 4-45pm) and Cut (9%, -325 mesh [-44 pm]) powders were
weighed, then mixed in air in a Turbula 500 shaker-mixer for 30 min to produce
an 80W-20Cu weight-percent powder blend. The blended mixture was placed in
steel jars and milled in a Model 8000-D SPEX mills for times ranging from 0 min
to 48 hr (2,880 min), using two 3.2-mm-diameter and four 1.6-mm-diameter steel
balls. The powder-to-ball ratio was maintained at 1:1 by weight. After the
milling had been completed, approximately 10 g of powder from each mixture
was cold pressed into 12.5-mm-diameter and 10-mm-thick green compacts at a
pressure of 300 MPa. The powders were not heat treated since the increased
lattice strain was believed to enhance sinterability. The density of each green
compact was determined by a direct measurement of the pellet dimensions prior
to sintering. The remainder of the milled powder was saved for XRD, SEM, and
EDS analyses.

The sintering schedule and environment were selected based on previous works
involving both SSS and LPS of W-Cu composites [8, 9]. The green compacts were
liquid-phase sintered in hydrogen (flow rate of 20 standard L/min) for 30 min at
a temperature of 1,250 °C. The densities of the sintered pellets were determined
using Archimedes’ Principle. After sintering, the pellets were sectioned with a
diamond saw. Pieces, both in transverse and longitudinal orientations with
respect to the pellet axis, were mounted in Bakelite and metallographically
prepared for SEM and EDS. Specifically, the samples were sequentially diamond
polished to a 1/4-pm finish. During polishing, the softer Cu phase tended to
smear onto the harder W phase. As a result, a final polish with SiO; in an
alkaline solution was used to remove the excess Cu material. Additionally, care
had to be maintained to prevent oxidation of the freshly prepared Cu-phase
surface. A canned, standardless, semi-quantitative EDS analysis routine,
available from KEVEX SpectraTrace,” was used to quantify the major phase
compositions and to detect residual impurities. Microhardness tests were
performed with a 200-g-load Vickers indenter. At least 20 individual hardness
measurements were made on each sample. The typical limit of error on the
hardness values was about +0.15 GPa.

* OSRAM Sylvania, Towanda, PA.

1 Johnson Matthey, Ward Hill, MA.

1 Glenn Mills, Clifton, NJ.

§ SPEX CertiPrep., Metuchen, NJ.

" Noran Instruments, Middleton, WI.




The mechanically alloyed powders and cross sections from the sintered pellets
were examined using XRD with monochromatic CuKa radiation. The intensity
vs. Bragg angle data for all XRD samples were collected from a 26 of 20 to 120°
with a 0.025° step size and 5-s dwell time. The intercept method was used to
obtain the lattice parameters of the W and Cu phases [10]. Using 6 or 7 Bragg
peaks over the scanned angle range, the approximate limit of error in the lattice
parameter measurements was estimated to be +0.0002 nm. However, for Cu,
with very long milling times (i.e., longer than 480 min), only 2-4 peaks could be
detected, due to extensive peak broadening. As a result, errors in these Cu lattice
parameters were considerably higher (+0.0005 nm or more). The XRD scans
were also used to identify the relative amounts of the major phases and to verify
the extent of alloying in forming new W-Cu phase. The peak intensities of the
W(110), 26 of 40.3°, and Cu(111), 26 of 43.3°, are most intense in the XRD pattern.
However, due to peak broadening at extreme milling times these peaks tend to
overlap. Therefore, the Cu(200), 26 of 50.4°, and W(200), 26 of 58.2°, peaks were
analyzed instead. The Cu and W peak widths at half maximum were measured
and the peaks integrated for both the precursor and sintered samples to monitor
relative changes, if any, with respect to milling time.

Based on the results obtained from the first series of 80W-20Cu samples (referred
to as “series A” hereafter), two additional series of samples were prepared.
Because data for series A were incomplete (Table 1), a second series of samples
was prepared in air (series B). Additionally, a third series of 80W-20Cu samples
was prepared in hexane (series C). For series B, the preparation procedures were
identical to those used for series A. For series C, the ball-milling portion of the
preparation sequence was performed under hexane to limit the extent of
oxidation. Note that in the series B and C samples, one of the smaller steel balls
was removed to slightly change the powder-to-ball mass ratio to 1.05:1.

Finally, in an auxiliary experiment (referred to as “series D” hereafter), about
100 g of 80W-20Cu powder was ball milled for 8 hr in air. Prior to the nominal
sintering schedule, 10-g to 12-g batches from the master blend were annealed in
hydrogen at temperatures ranging from 350-1,050 °C for 60 min. A small
amount from each batch was retained for XRD analysis, while the rest of the
powder batch was pressed into a compact and sintered at 1,250 °C. A
comparison as a function of temperature of the annealed powder and sintered
pellet was intended to examine and differentiate the effects of size-attrition- and
ball-milling-induced lattice strain. These experiments also served to determine
the optimum temperature at which milling induced strain was mostly removed,
but serious grain growth did not take place.




3. Results and Discussion

3.1 Densification Results

Table1 displays the milling time, green and sintered densities, and
microhardness of the samples. The densities were normalized to the theoretical
density (TD) of 80W-20Cu, 15.64 gcm™. As evidenced by the data in Table 1 and
Figure 2, both milling time and medium significantly affected densification of the
samples. The compaction of finer precursors did not result in higher green
densities. Sintered densities were relatively low for milling times shorter than
240 min for samples from series A and B (ie. those milled in air). Beyond
240 min, the density reached a maximum of about 98% TD, after which it
declined. It is speculated that, at longer milling times, oxide build-up on the
ultrafine, highly reactive powder surfaces may inhibit sintering. No density data
was taken for series A beyond 480 min. Samples from series C took considerably
longer to reach near-full density. Most likely, the use of hexane kept the particles
suspended in liquid, whereby the effectiveness of the ball-milling action was
retarded. In fact, within the milling times examined, the decrease in the density
observed in the air-milled samples could not be confirmed. Further experiments
are needed to verify this phenomenon by extending the milling times well
beyond 2,880 min (e.g., 5,760 min or longer). Alternatively, densification may
improve, as suggested by Upadhyaya and German [9], if smaller amounts of
powders are milled using much lower powder-to-ball mass ratios.

3.2 Microstructural Characteristics

SEM was performed on the as-milled powders and sintered pellets from all three
series. Consistent with the manufacturer’s specification for the precursor
powders, the W powder was made up of polyhedral particles, ranging in size
from 2-5 pm, that form multiparticle aggregates. In contrast, the Cu powder was
considerably larger, consisting of rounded, polycrystalline 10-um to 50-pm
particles. As such, the as-mixed powder blend was significantly mismatched at
the onset of milling.

Backscatter electron micrographs (BEMs) in Figure 3 delineate the effect of
milling in air for the series A powders. In Figures3(a)-3(h), representative
samples are shown from the as-mixed powder and 15-, 30, 120-, 240-, 480-, 1,440-
and 2,880-min milling times. In the BEM, the lighter W and darker Cu particles
are easily recognized. Between 0 and 30 min, the finer W grains first adhere to
the larger Cu grains. With longer times, the W grains, still adhering to the Cu
grains, become deformed (ie., flattened) into 0.2-um to 1-um-thick, rounded




Table 1. Densification results for the W-Cu ball-milled samples.

Milling Green Sinter Microhardness
Sample Time Density | Density 200 gf
(min) (% TD) (% TD) (GPa)
Series A; Mixed in Air
Al 0 77.7 81.8 1.87 -
A2 15 77.9 80.0 1.82
A3 30 78.2 82.0 1.87
Ad 60 79.8 89.9 1.86
Ab 120 80.2 93.0 217
(A6 240 77.7 96.9 3.16
A7 480 75.7 85.3 292
A8 1,440 - — 351
A9 2,880 - - 439
Series B; Mixed in Air
Bl 120 78.8 894 2.04
B2 240 78.9 944 2.65
B3 480 73.6 97.8 3.59
B4 480 75.8 97.9 3.57
B5 1,440 67.2 97.5 3.80
B6 2,880 66.5 92.5 3.69
Series C; Mixed in Hexane
C1 120 76.7 88.1 1.93
C2 240 75.8 86.1 2.07
C3 240 73.0 87.7 2.23
C4 480 729 86.7 247
C5 480 72.6 90.4 2.39
Cé6 1,440 70.3 949 412
C7 2,880 66.9 97.6 3.28

flakes with very high thickness-to-diameter aspect ratios. Between 120 and
480 min, the large W-Cu aggregates become compositionally more homogeneous
as the W particles continue to break down into smaller 0.2-uym to 0.5-pm
fragments. Thus, with milling, the initial size mismatch is only eliminated after
approximately 480 min. Note how the atomic number contrast present in
Figures 3(a)-3(d) diminishes in Figures 3(e) and 3(f). The large-sized W-Cu
aggregates typically consist of submicrometer-sized W grain fragments coated
with a thin layer of Cu. Beyond 1,440 min (Figures 3[g] and 3[h]), aside from the

continued attrition of the W-Cu aggregate size, no significant changes occur in
the particle morphology.

The examination of the milled powders from series C showed that hexane
primarily retarded the attrition of W and delayed the intermixing of W and Cu.
Figure 4 depicts the side-by-side evolution of the milled series B and C powders.
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(d) 120 min

Figure 3. BEMs of the as-milled powders (continued).
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Figure 3. BEMs of the as-milled powders (continued).




(h) 2,440 min

Figure 3. BEMs of the as-milled powders (continued).
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Figure 4. Comparative BEMs of the as-milled powders in hexane and air.
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(d) hexane-milled 480 min

Figure 4. Comparative BEMs of the as-milled powders in hexane and air (continued).
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Figure 4. Comparative BEMs of the as-milled powders in hexane and air (continued).
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At 240 min (Figures 4[a] and 4[b]), the W-Cu powder aggregates in hexane
appear considerably larger than those milled in air. At 480 min (Figures 4[c] and
4[d]), most of the air-milled W-Cu aggregates appear homogeneous, but the
hexane-milled W-Cu aggregates continue to retain platelike W grains. However,
these differences are transitory, as at 1,440 min (Figures 4[d] and 4[f]) and
beyond (Figures 4[g] and 4[h]), such differences are no longer present.

In both mixes, the powders appeared homogeneous and the W-Cu aggregate
sizes were similar.

Recall that it was at about 240-480 min where densification reached near-full
density for the air-milled samples. While it may be thought that the use of
hexane was in vain, it must be kept in mind that a powder milled in hexane for
extended time may not be subjected to as much oxidation as would the powder
milled in air.

SEM of longitudinal and transverse cross sections from the series A pellets
indicated no noticeable sagging or orientation effect. Figure 5 displays BEMs of
representative areas from the as-mixed powder and 15-, 30-, 120-, 240-, 480-,
1,440-, and 2,880-min sintered pellets. As apparent in the figures, the sintered W
and Cu morphologies correlate well with those of the milled powders. The
micrographs reveal that the darker-colored Cu phase surrounds the lighter-
colored (deformed or broken down) W grains. The microstructures of the
sintered pellets show a definite improvement in the homogeneity of the
composite. It is quite obvious that as milling time increases, the ball-milling-
induced work hardening of W causes the grains to fragment, thereby facilitating
the rapid intermixing of the two phases at a micrometer level. An average W
grain size of about 0.2-0.5 um was achieved within 480 min of milling. With
milling beyond 480 min, the uniformly fine structure begins to coarsen and the
residual porosity increases. The increased closed porosity may account for the
observed decrease in sample densities. Based on the coarsening in the samples, it
1s apparent that extended milling improved the sinterability of the powders.
SEM of the sintered pellets from series B were consistent with those from
series A. In series C, much like the aforementioned densification, the overall
structural grain refinement was delayed. SEM of these sintered pellets indicated
no new microstructures with increasing milling times.

As major constituents, EDS detected only Cu and W in all three series. The W
and Cu phases in the 0- to 30-min samples were mostly pure. At longer milling
times, due to the fine-grained structure of the samples, EDS could not be used to
verify the anticipated redistribution of the W- or Cu-rich phases. In addition to
W and Cu, small amounts of Fe, oxygen, and carbon were detected in most of the
samples. Over the span of 2-2,880 min, Fe was found to increase linearly with
milling time. In hexane, the amount of Fe pick-up was slightly less than that in
air. The Fe contamination was most likely caused by erosion of the steel jar

16
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and/ or balls, which is a common occurrence during ball milling. In contrast, the
amounts of oxygen and carbon were about the same in both series B and C
samples and were not found to vary with milling time, thereby negating the
immediate benefits in using hexane for short milling times.

3.3 X-ray Diffraction Results

The characteristic patterns of the as-milled powders and the corresponding
sintered pellets from series A are shown in Figures 6(a) through 6(d). The
as-mixed baseline is included for reference. In both figures, the W and Cu peaks
are clearly recognized. With longer milling times, the XRD patterns contain
additional peaks. These peaks may be associated with the aluminum holder, Fe
contamination from the mill, or oxides of W or Cu. All powder samples revealed
extensive peak broadening with milling time. The observed peak broadening in
Figure 6(a) arises from a combination of decreasing particle size and milling
introduced lattice strain. Based on the expected theoretical line broadening
(0.01° for 1-pm grain) caused by crystallite size reduction [10] and the actual
refinement of the W grains, it is expected that beyond 480 min of milling, most of
the broadening would be caused by lattice strain. Note that after the high-
temperature sintering, the XRD patterns look essentially the same regardless of
the milling time (Figures 6[c] and 6[d]).

The as-milled and post-sinter lattice parameters of W and Cu and the integrated
Cu (200)/W(200) peak intensity ratios from series A are shown in Table 2 and
Figures 7 and 8. Generally, with increasing milling time, there is a decreasing
trend in the lattice parameters and relative peak ratios of W and Cu. XRD
analyses of the as-milled powders and sintered samples from series B and C were
consistent with the findings from series A (see Tables3 and 4, as well as
Figures 9 and 10). The data also indicated that the effect of milling in air or
hexane on the lattice parameter was negligible over the milling times examined.

As shown in Figures 7(a) and 7(b), there is little change in the lattice parameters
of Cu and W for milling times up to about 240 min. (The lattice parameters from
the as-mixed powder do not appear on the logarithmic graphs.) At, and beyond,
240 min of milling, the as-milled W lattice parameter begins to decrease. There is
a corresponding decrease for Cu. However, because of the considerable peak
broadening, the drop is not so definitive. Recall, for Cu, the measurement error
in the lattice parameters is considerably greater at long milling times. The actual
change in the lattice parameter is only about a 0.5-1%; nevertheless, it is a clear
indication of mechanical alloying [11]. As the respective lattice structures of W
and Cu are being modified by milling, on an atomic scale, interdiffusion of W
into Cu and Cu into W is occurring. A further, more important, aspect of the
data is that after sintering, the decrease in the lattice parameters is absent.

2]




‘sapdures n)-p o Jo sureyred (X PROO[eS ‘9 arndig
.02 01 0T “1opmod vmaﬁ.mm (e)

vyl ¢
0. 09 0s oY 0¢

N S T TN T OO SN T SN O N Y YU Y T N T N TN N Y N N O O O O O N MO A

0c
- 0001

00001

Ausua)uj

ulw 088¢ — =

uiw ovyi |
uiw 08y —

ulw oy —

ulw oglL —

ulw 0g —

paxjw-se

000001

22



ocl

[N VR WO YOO AN N NN YUY AN NN U K U N AN N TN NN WO N T TN N OO N T T N N N Y T T N O O N T T T T O O T IO

"(ponunuod) seydures n)-p\ o3 Jo suraned (X PSS "9 By
o0TT 01 ;02 ‘z3pmod payiru-se (q)

€lvyl ¢
oLl 001 06 08

0L

paxiw-se

ulw 088¢ —
ulw ovyL —
uiw 08y —
ulw oye —
ulw oz —
ulu g —

0001

00001

Ajisualu|

000001

23




0L 09

I T T N I I I I I O |

“(panumuod) saydures nD-p4 A1 Jo sureped (X PaIddRS 9 a1n3ny
+0Z 0% 0z 3o[1ed pasanas (o)

Bl¥yl e |
0s oY 11> 0¢

[N I TN I T T N NN TN T T NN T T T N N T T T N T U N T T Y Y Y I O | ccc—-

IR e,

00001

Aisuayuj

ulw 088¢ —
uiw byl —

ulw 08y —

ulu oyg ——

ulw oclL —

ulw 0g —

paxiuw-se

000001

24



*(penunuoo) seydures nD-pA a3 Jo suraned (X PaIdd[es "9 arndry
o0ZT 03 ;02 “19712d paxeyurs (p)

Bldyl ¢
ocl OLL 001 06 08 0L
N T T T T N T T T O T N T T Y N T T N T TN T OO U T N T O N JO N N WA M AN VO M OO N OO O O ccc—‘
,. =
! 00001 3
.
<
ulw 088¢ —
utw ovvi
ulw 08 —
uiw opg —
utw oglk —
uiw 0 —
paXxiw-se

000001

25




Table 2. XRD results for series A; mixed in air.

As-Milled . .
— . As-Milled . Post-Sintered
Milling| Lattice | 00y wizo0)| PostSintered | oo o)
Sample| Time Parameter : Lattice Parameter )
. Peak Ratio Peak Ratio
W Cu w Cu
Al 0 0.3161 {0.3610 0.76 0.3163 | 0.3614 0.11
A2 15 0.3162 {0.3610 0.18 0.3163 | 0.3614 0.09
A3 30 0.3163 [0.3610 0.13 0.3163 | 0.3613 0.07
A4 60 0.3164 |0.3611 0.10 0.3162 | 0.3610 0.08
A5 120 0.3162 |0.3610 0.09 0.3164 | 0.3612 0.07
A6 240 0.3162 |0.3604 0.10 0.3163 | 0.3612 0.04
A7 480 0.3159 [0.3603 0.03 0.3163 | 0.3615 0.06
A8 1,440 | 03155 |0.3613 0.00 0.3160 | 0.3610 0.10
A9 2,880 | 0.3147 {0.3590 0.00 0.3162 | 0.3609 0.14

Erom Figure 8, it is also apparent that the relative ratio of the integrated Cu and
W peak heights varies as milling time increases, reflecting a relative shift in
volume fractions of the constituents. The Cu(200)/W(200) peak ratio from the
as-milled powder, which is a measure of the average volume ratio of the Cu and
W phases, monotonically decreases with milling. This indicates that the “forced”
diffusion of W into Cu and Cu into W is preferential. Specifically, Cu diffuses
more readily into W than W into Cu. This is understandable, since, at the
processing temperatures, the mobility of Cu would be considerably higher than

that of W. However, as was found before, the initial Cu volume fraction is
essentially recovered upon sintering,

While data from series A describe the effect of milling time, data from series D
(the auxiliary experiment) demonstrate the effect of anneal temperature on the
peak profile and lattice parameter. The results are tabulated in Table 5, with
Figures 11 and 12 depicting the changes graphically. For W (Figure 11[a]), the
lattice parameter relaxes at about 450 °C from an “alloyed” W-Cu state to an
“unalloyed” pure W state. The transition occurs at a temperature slightly below
one half of Trm of Cu. That is, above this temperature Cu is sufficiently mobile to
diffuse out of the distorted W lattice, thereby allowing it to return to its initial,
undeformed state. In contrast, as apparent in Figure11[b], the extent of
“reverse” alloying of W in Cu is considerably less than that of Cu in W. Note
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Table 3. XRD results for series B; mixed in air.

- As—Mxi]led As Milled ' Post-Sintered
Milling Lattice Cu(200)/ Post-Sinter Cu(200)/
Sample| Time Parameter W(200) | Lattice Parameter W(200)
(min) (nm) Peak Ratio (nm) Peak Ratio
W Cu W Cu
B1 120 (0.3160| 0.3606 0.15 0.3162 | 0.3612 0.14
B2 240 1[0.3161 0.3605 0.09 0.3162 | 0.3613 0.12
B3 480 10.3160|0.3610 0.09 0.3164 | 0.3610 0.06
B4 480 10.3159| 0.3606 0.07 0.3164 0.3611 0.06
B5 1,440 |0.3160 | 0.3591 0.03 0.3161 0.3612 0.22
B6 2,880 |0.3156 | 0.3595 0.00 0.3163 0.3606 0.08
Table 4. XRD results for series C; mixed in hexane.
As-Milled As Milled Post-Sinter  |Post-Sintered
Milling Lattice Cu(200)/ Lattice Cu(200)/
Sample| Time Parameter W(200) Parameter W(200)
(min) nm) Peak Ratio (nm) Peak Ratio
w Cu w Cu
C1 120 10.3161| 0.3608 0.24 0.3162| 0.3614 0.11
C2 240 10.3160{ 0.3608 0.10 0.3162| 0.3611 0.10
C3 240 10.3160[ 0.3603 0.17 0.3162] 0.3611 0.14
C4 480 [0.3163| 0.3603 0.11 0.3162| 0.3614 0.13
C5 480 10.3160f 0.3607 0.07 0.3162| 0.3608 0.09
Cé 1,440 (0.3163| 0.3614 0.08 0.3162] 0.3610 0.08
Cc7 2,880 [0.3155| 0.3615 0.01 0.3161| 0.3611 0.06
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Table 5. XRD results for series D; mixed in air.

Micro- | Post-Anneal Post-Anneal Post-Sinter Post-Sinter

Anneal hardness Lattice 20-Peak Lattice 20-Peak
Sample| Temp [Density| 200-gf | Parameter Width Parameter Width
(°C) |(%TD)| (GPa) (nm) ) (nm) )
W Cu |W(200){ Cu(200)| W Cu {W(200){Cu(200)
D1 - 949 348 ]0.3156| 0.3606 | 0.59 0.31 10.3163]0.36091 034 | 0.21

D2 350 | 96.6 3.44 10.3156 0.3607 | 0.54 0.31 10.3163|0.3609] 0.33 | 0.18

D3 450 | 9.7 3.33 |0.3162}0.3608 | 0.52 0.25 |0.3163(0.3609( 0.36 | 0.26

D4 550 | 96.8 3.56 10.3160]0.3604 | 0.50 0.26 |0.3162(0.3608| 0.32 | 0.22

D5 650 { 973 3.54 10.3160(0.3611| 0.48 0.23 10.31630.3609} 0.36 | 0.29

Dé 750 98.6 3.69 [0.3159| 03612 | 0.43 0.22 {0.3163|0.3610( 0.36 | 0.22

D7 850 95.0 3.20 0.3160]| 0.3611 | 0.39 0.19 (0.3163/0.3610! 0.36 | 0.20

D8 950 94.3 354 [0.3161)0.3612( 0.32 0.20 10.3162|0.3608| 0.34 0.18

that the diffusion of the W atoms out of the Cu lattice occurs over a wider
temperature range of about 350-550 °C.

Annealing prior to sintering was found to reduce the milling induced peak
broadening as well. Results of the measurements of the full widths at half
maximum (FWHM) of the W(200) and Cu(200) peaks are shown in Figure 12.
Recall that the powders in series D were milled for 480 min only. This length of
milling time introduces a considerable amount of strain into W; however, the
corresponding amount of strain in Cu is significantly less. Most of the milling
induced strain is gradually relieved by 950 °C in both of the “Cu-rich” W and
“W-rich” Cu phases. Note in the figure that there is no further strain relief of
either phase after sintering. Density measurements showed no gain in sample
density; and, SEM examination of the sintered pellets did not reveal any
considerable grain growth indicative of no improvement in sinterability after
480 min of milling.

The reduction in lattice parameters and their subsequent release on annealing
and/or sintering may be explained as follows. Despite their mutual insolubility
(or dislike for one another) during milling, both Cu and W atoms are
progressively mechanically alloyed. Although the lattice structures of W and Cu
are different (body-centered vs. face-centered cubic), the relative atomic radii
(Cu: 0.128 nm; W: 0.138 nm) [12] are only 8% apart. Therefore, random atom-
for-atom substitution is quite possible, forming metastable “Cu-rich” W and “W-
rich” Cu solid solution regions. The small size difference between the respective
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atoms easily accounts for the observed decrease in the lattice dimensions or unit
cell. Ataround 450 °C, the mobility of W is not very high; however, for Cu thisis
near the recrystallization temperature and, therefore, Cu would be fairly mobile.
Then, the metastable, solid-solution regions would readily revert to their natural,
segregated, thermodynamically-favored state. At higher temperatures, during
annealing or sintering, the “Cu-rich” W and “W-rich” Cu solid solution regions
decompose and segregate into “pure” Cu and “pure” W considerably faster.
However, as soon as phase separation is completed, the immiscibility of Cuin W

and W in Cu inhibits grain growth or coarsening, and the overall structure is
preserved.

3.4 Microhardness Results

Based on the microhardness results displayed in Table 1, it may be surmised that
the mechanically alloyed and sintered samples from all three series primarily
show the effects of dispersion and solid-solution hardening with milling time.
The hardness results appeared to be essentially independent of the milling
medium used (Figure13). At short milling times, the low hardness values
correspond to the two macroscopically distinct phases in the samples as well as
trapped porosity. However, at longer times, as the grain size is reduced, W and
Cu are better dispersed, and densification improves, the hardness increases
dramatically by over a factor of two. The drop in hardness of the samples at
2,880 min is probably caused by either higher residual porosity levels (grain
coarsening) or intergrain embrittlement (impurity segregation).

4. Summary and Conclusions

Mechanical alloying of 80W-20Cu was achieved by ball-milling W and Cu
mixtures in air, followed by LPS above the Tm of Cu. Near-full densification was
achieved after 480 min of milling. After milling, the initially 2-5 pm polyhedral
W grains broke down and the product morphology was fine-grained and
equiaxed; the average W grain size was reduced by an order-of-magnitude to
about 0.2-0.5 pm. Longer milling did not reduce the W grain size any further.
Lattice parameter and line broadening analyses confirmed the presence of
metastable ”W-rich” Cu and “Cu-rich” W phases. That is, W and Cu were being
mechanically alloyed at a submicrometer level. However, due to the
thermodynamically favored phase separation at the sintering temperature, the
resultant composites consisted of submicrometer W grains surrounded by a Cu
matrix. The onset of this phase separation was found to occur at a low
temperature of about 450 °C. The reversion of the alloyed structure into its
immiscible constituents also diminished the sinterability of the powders, thereby
mostly retaining the as-milled grain size.

39




"awn Jurru Jo uonduny e se ssaupreyonnu ojdwes n)-p ¢ omIry
[ulw] auwi

000€ 00s¢c 000¢ 00S1 0001 00S
l _om_m_h.mm_mw—hﬂx_w_._.‘_ [ NN N SN NN NN (NS AN NN NN SN NN SUNU S SN N W S N S T H
v soues v e vel
v e |
ve
\ -
H u
. :
) -
v i
[ K R
! -
. i
v g
. g

Gl

Q
N

0
3

<
™

\0
™

S
<t

0

[edD] %%¢AH

40



While the use of hexane as a milling medium was possibly beneficial in reducing
impurity pick-up from the milling media and environment, densification and the
rate of intermixing or alloying of the precursors were retarded. Only the sample
milled in hexane for 2,880 min reached full density. EDS measurements
indicated that the as-milled powders and sintered pellets were highly sensitive to
contamination during extended periods of milling as impurity levels increased
with increasing milling times.

It is recommended that in order to produce full-density 80W-20Cu composites,
longer milling times in hexane will be necessary. Furthermore, the duration of
sintering could be also extended. However, in order to reduce contamination,
experiments ought to be performed with powder-to-ball mass ratios of about
1:10. By using lower ratios, the effects of milling would not only be further
enhanced, but also yield faster results in shorter milling times.
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